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© Pump control system. 

© A pump control system is described in which the pumping 
mechanism causes corresponding movement of a pair of 
capacitor plates. The plates are energized by an a.c. signal, and 
the signal produced by the plates is amplitude detected, with 
the amplitude modulation representing pumping force. The 
pumping force is converted to pumping pressure. The pumping 
pressure peak during pumping and the pressure minimum 
during filling are detected to determine the portion of a pumping 
cycle required to make the transition between these two 
pressure levels. The difference between the two pressure levels 
divided by the transition portion of the pumping cycle gives a 
measure of the compliance of the pump chamber. The ratio of 
the compliance measure to the total cycle, when multiplied by 
the nominal chamber volume, gives a measure of unpumped 
volume, which is subtracted from the nominal volume to give 
the volume actually pumped during a pump cycle. The volume 
pumped is compared with a desired flow rate to determine a 
speed control value for the motor of the pumping mechanism. A 
motor control signal is developed by subtracting from a 
constant number a value which is a factor of the speed control 
value and the position of the motor. 
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Description 



PUMP CONTROL SYSTEM 



This invention relates to fluid delivery systems 
and, in particular, to control techniques for controll- 
ing the delivery of parenteral solutions by intraven- 5 
ous pumps. 

Pumping systems for the delivery of fluids in- 
travenously or intra arterially are well known in the 
prior art and are in widespread daily use in hospitals 
throughout the world. These systems are commonly 10 
used for the intravenous or intra arterial delivery of 
such fluids as glucose solutions and blood plasma, 
and for the delivery of drugs, all at controlled delivery 
rates based on the patient's need, and in the case of 
drugs, the drug concentration being delivered. 15 

Concurrently filed European application EP- 
A-(CRK 107)- claiming priority from USSN 025 681 
shows a novel pump-pressure sensor combination 
in which a motor driven flexible beam alternately 
compresses and expands a disposable pump cas- 20 
sette. The movement of the flexible beam causes 
relative movement of capacitor plates attached to 
the flexible beam and to a companion sensor beam. 
By measuring changes in the capacitance of the 
capacitor plates, a measure of the pumping force 25 
and hence the solution pumped through the cas- 
sette may be obtained. Such a system is desirable 
for users, because the use of a disposable cassette 
insures that a new, sterile cassette may be used for 
each infusion procedure. The system is economical 30 
since the cassette is produced from inexpensive 
polymeric materials. 

However, the use of a plastic cassette presents 
difficulties in obtaining fluid measurement accuracy. 
When pumping forces are applied to the cassette 35 
the plastic material will distort, or expand, and the 
volume of the cassette will change. Such a phe- 
nomenon is termed cassette compliance. Corre- 
spondingly, when the pumping forces are withdrawn 
and a negative pressure relative to inlet pressure is 40 
produced within the cassette during filling, the 
plastic cassette will relax to a different volume, which 
is termed depliance. The varying compliance and 
depliance of the cassette will lead to errors in the 
fluid delivery rate. 45 

In accordance with the principles of the present 
invention, a technique for determining cassette 
compliance or depliance is provided. The measured 
cassette compliance or depliance is used to deter- 
mine the actual volume of fluid which was pumped 50 
during a pumping cycle, and this actual volume is 
then used to calibrate the pumping rate for precisely 
controlled fluid delivery. 

The accuracy of the depliance or compliance 
measurement is premised upon accurately knowing 55 
the fluid pressures within the cassette during the 
pumping cycle. This, in turn, requires precision in the 
sensing of pumping forces which are measured by 
the beam capacitor plates. In accordance with 
another aspect of the present invention, th plate 60 
capacitance is measur d by energizing the plates 
with an a.c. signal. Th detected a.c. signal varies in 
amplitude as the capacitance changes. The a.c. 



signal is amplitude detected to provide a signal 
representative of pumping force. This signal is then 
used to produce a digital signal which quantitatively 
specifies the pumping force. 

Once the desired pumping rate has been cali- 
brated for the effects of cassette compliance, th 
pump must be controlled to effect the desired fluid 
delivery rate. In accordance with a further aspect of 
the present invention, the pump motor is precisely 
controlled by a feedback loop. In the loop, the motor 
is driven by a signal which is proportional to a loop 
error factor. The loop error factor is in part 
determined by a first predetermined number. As the 
motor turns, its position is monitored by a position 
sensor. A position signal from the sensor is used in 
combination with a pump speed control signal 
derived from the desired fluid delivery rate to 
develop a control number. The control number is 
subtracted from the first predetermined number to 
produce the loop error factor. This control technique 
affords particularly precise control at low fluid 
delivery rates where precision is especially import- 
ant. 

In the drawings: 

FIGURE 1 illustrates, partially in block diag- 
ram form and partially in schematic form, a 
pump control system constructed in accord- 
ance with the principles of the present inven- 
tion; 

FIGURE 2 illustrates, partially in block diag- 
ram form and partially in schematic form, details 
of the force sensing circuitry and the force 
calibration and detection arrangement of 
FIGURE 1; 

FIGURE 3 illustrates waveforms depicting 
principles of the unpumped volume determina- 
tion technique of the present invention; 

FIGURE 4 illustrates a flowchart for making 
an unpumped volume determination; 

FIGURE 5 illustrates, partially in block diag- 
ram form and partially in schematic form, details 
of the motor controller of FIGURE 1 ; 

FIGURE 5a illustrates in block diagram form 
the principles of motor control employed in 
FIGURE 5; and 

FIGURES 6 and 7 are flowcharts illustrating 
the determination of pump speed control 
numbers in the motor controller of FIGURES 5 
and Sa. 

Referring to FIGURE 1, a pump control system 
constructed in accordance with the principles of the 
present invention is shown. The control system 
controls the operation of a motor-driven pump and 
pump cassette system which are described in 
further detail in the aforementioned copending 
European application EP-A (CRK 107) 

As shown in FIGURE 1, the system of that 
application includes a D.C. motor 44, which is 
energized to rotate a motor shaft 46. Connected to 
th shaft 46 is a driv wheel 50, which contains a cam 
groove 52. The outer periph ry of the driv wheel is 
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serrated to form evenly spaced notches and teeth 56 
around the perimeter of the wheel. As the drive 
wheel turns, the teeth 56 pass through an optical 
position encoder 90. The teeth on the wheel 
interrupt two light beams directed at the teeth 56 
and the intervening notches. The light beams are 
spaced apart by one quarter of the distance across a 
notch and tooth, and the light beams are received by 
two light sensors. As the light beams are interrupted 
by the teeth the sensors produce two square waves 
which are in relative quadrature. In a constructed 
embodiment there are thirty-two teeth around the 
circumference of the wheel, and the quadrature 
signals thereby provide position resolution of 
1 /128th of a wheel revolution. 

Located along the edge of the drive wheel 50 is a 
magnet 94. As the magnet passes by the position 
encoder 90, it closes a magnetic reed switch in the 
encoder. The closure of the reed switch informs the 
system that the pumping cycle has reached a 
"home", or reference position. 

Riding in the cam groove 52 is a cam 15. The cam 
follows the groove as its radial distance from the 
shaft 46 varies during the pumping cycle. This 
variation causes the cam and the beams to which it 
is attached to move laterally, as indicated by arrow 
16. The cam groove and cam thus convert the 
rotation of the motor shaft to a linearly reciprocating 
motion. 

As the cam reciprocates it moves the bottom of a 
sensor beam 70 and a flexible beam 68 to which it is 
attached. The flexible beam 68 is pinned at the top by 
a pivot pin 62, and as its bottom moves the beam 
flexes about this pin. The sensor beam remains 
unflexed during pump operation. Located on the 
flexible beam intermediate the pivot pin and the drive 
bearing is a laterally extending pump actuator 74. 
The pump actuator is barbed so as to be self-thread- 
ing which it engages the drive receptor 146 of the 
pump cassette 77. The drive receptor 146 is located 
on the outer surface of a diaphragm of the pump 
cassette. The drive receptor and diaphragm are 
made of a polymeric material such as polyethylene 
so that the receptor 146 will easily thread onto the 
barbed pump actuator, and so that the diaphragm 
will be easily displaced into and out of a fluid 
chamber within the cassette when driven by the 
actuator. As the diaphragm is driven into the fluid 
chamber by the actuator the pressure within the 
chamber increases until it forces open an outlet 
valve at the bottom of the cassette. Fluid is then 
pumped out through an outlet tube 88. As the 
actuator retracts the diaphragm the outlet valve 
closes and the decreasing chamber pressure will 
open an inlet valve at the top of the cassette, 
allowing the chamber to be filled by fluid supplied by 
inlet tube 80. The complete cycle of the pump thus 
consists of a filling operation and a pumping 
operation. 

Located at the top of the flexible beam 68 is a 
capacitor plate 64, and at the top of the sensor beam 
is a capacitor plate 66. As the flexible beam flexes 
during the pump cycle the two capacitor plates will 
move relative to each other. Their capacitance will 
vary correspondingly, thereby providing a measure 
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of the force exerted on the cassette diaphragm by 
the pump actuator 74. This force can be either 
positive or negative, and is related to the fluid 
pressure within the chamber of the pump cassette. 
5 The capacitor plates 64 and 66 are connected by 
leads 40 and 42 to force sensing circuitry 100. This 
circuitry energizes and decodes signals from the 
capacitor plates 64 and 66 to provide a signal 
representative of the pump actuator force on the 

10 cassette 77. This signal is applied to force calibration 
and detection circuitry 102, which produces a 
quantitative force measurement. The force measur - 
ment is used by pressure conversion routines 104 
which develop a signaJ representative of fluid 

15 pressure within the cassette and a signaJ represen- 
tative of cassette outlet back pressure. A rate 
conversion, display, alarms and controls subsystem 
120 provides a visual indication of various operating 
parameters in the system, monitors the system for 

20 fault conditions, and provides a user interface for 
entry of system operating parameters. In particular, 
subsystem 120 provides a means for operator entry 
of desired flow rate, which is used by the motor 
controller to establish a rate of pump operation. 

25 The cassette pressure measurement is applied to 
an unpumped volume determination subsystem 106, 
together with position signals from a motor control- 
ler 110 to enable a determination of the percentage 
of the cassette's fluid volume which is not being 

30 pumped by reason of cassette compliance or 
depliance. A measure of the fluid volume actually 
being pumped is provided to a rate to speed 
converter 108, which produces a signal for th 
control of pump motor speed. The speed control 

35 signal is applied to a motor controller 110 which 
performs closed loop control of the pump motor 44. 
Motor energization signals are applied to the D.C. 
motor by a lead 48, and position signals are returned 
on leads 92 to close the motor control loop. 

40 Referring to FIGURE 2. the force sensing circuitry 
100 and the force calibration and detection circuitry 
102 are shown in detail. A clock signal CLK of, for 
instance, 100kHz is appliedto the clocking input of a 
"D" type flip-flop 130. the Q output of flip-flop 130 is 

45 coupled to the D input of the flip-flop so that the 
flip-flop will continually divide the CLK signal by two. 
Flip-flop 130 produces a CLK1 signal which is 
applied to one of the capacitor plates and to the 
contro l input of a switch 152. A complementary 

50 CLK1 si gnal is applied to the trimming capacitor 132 
and the CLK1 signal is also applied to the control 
input of a switch 154. The trimming capacitor 132 is 
adjusted to null out the stray capacitances in the 
system. The capacitor plates 64, 66 produce a 

55 capacitance C* which varies with the spacing of the 
plates, typically over a range of about 1 pf . Th 
changing capacitance of the plates is reflected by an 
amplitude modulation of the applied a.c. CLK1 signal 
at the output of an amplifier 140. 

60 Th modulated capacitanc signaJ is applied to 
one input of an amplifier 140. Th amplifier 140 has a 
feedback resistor 144 and a feedback capacitor 142. 
Th gain of this amplifying stage for applied a.c. 
signals is equal to Cs/Cf, where Cf is the capacitance 

65 of capacitor 142. A second input of amplifier 140 
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receives a reference voltage V/2. The circuitry of 
FIGURE 2 is designed to be energized by a 
conventional +5V. D.C. power supply. This supply 
voltage is applied to a voltage divider (not shown), 
which produces a low impedance intermediate 
voltage V/2. By referencing the capacitance detec- 
tion circuit to this intermediate voltage level, the a.c. 
capacitance signal is effectively referenced about 
this voltage level intermediate the two supply rails. 
The nominal signal level at the output of amplifier 140 
is approximately 50 mv peak to peak. 

The a.c. signal at the output of amplifier 140 is 
capacitively coupled to two inputs of a synchronous 
detector 150, which synchronously detects the 
amplitude modulation of the capacitance signal. Also 
coupled to the inputs of synchronous detector 
amplifier 156 are the outputs of two synchronously 
controlled switches 152 and 154. Since the sw itches 
are switched by the same CLK1 and CLK1 wave- 
forms that energize the capacitor plates 64 and 66, 
the switching is constantly in a known phase 
relationship with the capacitance signal. These 
switches alternately operate amplifier 156 to have a 
high negative gain or a high positive gain, in 
synchronism with the ax. capacitance signal. The 
synchronous detector 150 thus produces a D.C. 
level representative of the capacitance of the 
capacitor plates 64, 66, and hence representative of 
actuator force. In the illustrated embodiment, the 
synchronous detector has a gain of about twenty. 
The "spikes" that occur at the switching of the 
signals applied to amplifier 156 are filtered by 
capacitors 158 and 162. 

The D.C. signal produced by the synchronous 
detector 150 undergoes further amplification by an 
amplifier 160 to produce a final D.C. signal at the 
output of amplifier 160 which is representative of 
actuator force at the cassette. The force signal is 
thereafter detected and calibrated to provide a 
quantified digital measure of force. 

The force representative D.C. signal is applied to 
the noninverting input of a comparator 170, which 
compares the level of this signal with the level of a 
signal produced by a digital to analog (D/A) 
converter 182. The hysteresis of the comparator is 
determined by the relative values of resistors 172 
and 174 to provide the comparator 120 with 
hysteresis so that it will change states positively 
without toggling. The comparison signal produced 
by the comparator will exhibit one of two states, and 
indicates whether the force representative signal is 
greater than or less than the computer generated 
signal produced by the D/A converter. 

The state of the comparison signal is sensed by a 
successive approximation subsystem 180 which 
through computer control attempts to match the 
force representative signal with an eight-bit digital 
signal on bus 188. The subsystem 180 does this by 
successive approximation by starting with the most 
significant bit and setting the bits in sequence on 
bus 1 88 in correspondence with sensed changes in 
state of the comparison signal. The successively 
updated signal on bus 188 is repetitively converted 
to an analog signal and compared with the force 
representative signal until all eight bits have been 



determined. After eight iterations the digital signal 
on bus 188 matches the force representative signal 
to within one part in 256. This iterative techniqu 
eliminates the need for a discrete analog to digital 
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Once the eight-bit force signal on bus 188 has 
been determined, it is applied to a force look-up 
table 184, which produces a corresponding digital 
signal that is a quantification of actuator force. This 
10 may be done in hardware as shown in FIGURE 2 by 
enabling the force look-up table when a match is 
determined. But it may also easily be done in 
software. Since eight iterations of the successive 
approximation comparison will always result in a 
15 match, the system will wait until eight successive 
approximation iterations have been performed be- 
fore accepting a value from the force look-up table 
184. At that time the table will be providing an 
accurate force value. 
20 During manufacture and calibration of the ar- 
rangement of FIGURE 1 . the force look-up table may 
be computed from empirical force settings. The 
cassette 77 is replaced with means for successively 
applying twelve known forces to the pump actuator 
25 74. These forces may be distributed over a range of 
+ 7.5 lbs. to -3 lbs., for instance. After each force is 
applied, the digital value on bus 188 is displayed and 
recorded. When all twelve values are recorded they 
are entered into a curve-fitting routine, which fits a 
30 curve of 256 discrete force values to the twelve 
measurements. The 256 force values are then 
entered into a read-only memory which serves as th 
force look-up table for the system. 

After a force value has been accepted from the 
35 force look-up table 184, the pressure conversion 
routines (FIGURE 1) convert the measured force to 
several pressure levels that the system needs to 
know. For instance, the fluid pressure within the 
cassette in pounds per square inch (p.s.i.) may be 
40 found by dividing the force value by the equivalent 
area of the cassette fluid chamber. The fluid 
chamber area is easily determined empirically by 
applying a known force to the cassette and 
measuring the resultant chamber pressure in p.s.i. 
45 The combination of force in pounds and resultant 
pressure in p.s.i. yields the equivalent area in square 
inches. For example, if the cassette is found to have 
an area of 0.5 square inches and the force value is 
6.25 pounds, the cassette pressure is the quotient of 
50 the two, or 12.5 p.s.i. To determine the fluid pressure 
at the infusion site, or back pressure, the pressure 
required to open the cassette outlet valve, or the 
cracking pressure, is then subtracted from the 
cassette pressure. If the outlet cracking pressure 
55 was 5 p.s.i., for instance, a cassette pressure of 12.5 
p.s.i. would yield a back pressure measurement of 
7.5 p.s.i. This back pressure measurement is 
continuously monitored by subsystem 120 to see 
that it remains within an acceptable range. 
60 Other factors impacting on the measured force 
may also be taken into consideration in the determi- 
nation of pressures. For example, the pump actuator 
or the drive wheel may be spring-loaded to remove 
backlash from the mechanical components of the 
65 system, and the spring force may affect the detected 
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actuator force and have to be factored into the force 
calculation. In the use of a plastic cassette, the 
cassette may exhibit forces of resilience, which are a 
function of the pump operating cycle and pump 
speed. Also, a plastic cassette may be exp cted to 
exhibit some stress relaxation with time of the 
plastic material of the cassette as a function of the 
pump operating cycle. AH of these factors would be 
taken into consideration in the conversion of force to 
pressure measurements. 

The cassette pressure measurements are used to 
determine the actual volume of liquid that is pumped 
by the pump cassette during each pumping cycle. 
FIGURE 3 illustrates the principles of the determina- 
tion of the volume pumped by the cassette. Curve 
200 in FIGURE 3a represents the cam height, or 
variation of cam groove 52 from the drive shaft 46 t 
over one pumping cycle. The pumping cycle is 
separated into its two phases of operation, the 
pumping operation when liquid is being expelled 
through the outlet tube 88, and the filling operation 
when liquid is refilling the cassette through inlet tube 
80. At the top of the figure the cam position is shown 
in degrees of a full cycle, and also in terms of the 128 
different phases of the position sensor signal, which 
indicate cam position. The pumping operation 
extends from position 0 to position 64, and the filling 
operation extends from position 64 to position 128 in 
this example, although the two operations may be 
proportioned unequally if desired. 

Curve 202 of FIGURE 3b shows a typical pressure 
response for a perfectly noncompliant, e.L, rigid, 
cassette. In such a cassette, there would be an 
immediate rise to peak pressure as the pumping 
operation begins. In the illustration of FIGURE 3b, 
the peak pressure is shown as 4- 12.5 p.s.i. When the 
cycle shifts from pumping to filling at cam position 
64, the cassette pressure falls immediately to its 
filling pressure, shown here as -2 p.s.i. These 
pressures will vary from one procedure to another as 
a function of factors such as back pressure at the 
outlet of the cassette, and the inlet head pressure 
determined by the elevation of the fluid source 
relative to the cassette. 

In a polymeric cassette such as cassette 77, the 
pressure response curve would not be as shown by 
curve 202, but would exhibit effects of compliance 
and depliance. A pressure response curve for a 
cassette which is 50<Vo compliant is shown in 
FIGURE 3c. Due to the 50% compliance, the 
cassette pressure would rise gradually over the first 
half of the pumping operation (positions 0 to 32) as 
shown by line 210. At position 32 the compliance has 
been absorbed and the pressure levels off at a peak 
pressure, Ppump, as the outlet valve opens at its 
opening (cracking) pressure. The pressure remains 
as indicated by line 212 until the fill operation begins 
at position 64. Then the depliance of the cassette 
affects the pressure, which slowly drops until 
position 96, as indicated by line 214. Thereafter the 
fill pressure remains at a level Pm until the filling 
operation is completed at position 128. 

The amount of cassette compliance could be 
determined by measuring pressure changes during 
the compliant phase of the pumping cycle, indicated 



by line 210. However, it is preferred to measure 
cassette compliance by the effects of depliance 
occurring during the filling operation around line 214. 
The reason for this is that the fluid chamber pressure 

5 is independ nt of distal pressure at that time. Once 
the filling operation begins, the outlet valve on the 
cassette closes, thereby isolating the cassette 
depliance from pressure effects at the infusion site. 
When the pumping operation is used for compliance 

10 determination, the outlet valve is either open or 
about to open. The pressure level at which the valve 
actually does open is a function of variables beyond 
the control of the system, such as the possibility that 
movement by the patient will suddenly relieve or 

15 increase the back pressure at the infusion site. Such 
movement will not only cause the outlet valve to 
open at different pressures from one pumping cycle 
to another; the changing back pressures into the 
pump cassette can also vary the compliance during 

20 the time it is being measured. These difficulties and 
inaccuracies are avoided by measuring depliance 
during the filling operation. 

Referring concurrently to the flowchart of FIGURE 
4, the technique for determining the volume of liquid 

25 unpumped by reason of cassette compliance and 
depliance may be understood. The process begins 
upon receipt of a "home" signal from the position 
sensor 90. This is the signal produced by closure of 
the reed switch when the magnet 94 opposes th 

30 switch. The home signal informs the system that the 
cam is approaching position 64 and the filling 
operation is about to begin. The system then begins 
to rapidly sample the cassette pressure at corre- 
sponding cam positions. Initially these measure- 

35 ments will be at the end of the pumping operation, 
when the cassette is still pressurized at the Ppump 
pressure, as indicated by the sampling points on line 
212. When the filling operation begins, the cassett 
outlet valve closes and the system continues to 

40 acquire data pairs of pressure and position 
measurements as the effects of depliance occur, as 
shown by the sampling points on line 214. Finally a 
stable fill pressure level, Pf«, is reached, and the 
system acquires a number of data pairs at this final 

45 level. 

Next, the system determines the absolute press- 
ure level Ppump. It does this by accumulating and 
averaging successive ones of the initial pressure 
measurements until a measurement is reached 

50 which is 97°/o of the accumulated average. This 
procedure sets a value for Ppump. A similar procedur 
is used to determine the absolute pressure level Pra. 
Later occurring pressure measurements are accu- 
mulated and averaged by proceeding backward with 

55 respect to the time of acquisition until a measure- 
ment is reached which is 1030/o of the accumulated 
average. This averaging procedure sets the P«j- 
pressure level. 
A curve fitting procedure is then used to deter- 

60 mine line 214. The data pairs used for the curve fit 
are those ranging from 106% of the Pm level to 930/o 
of the Ppump level. For a cassette exhibiting Irttte 
depliance there may be only a few of these data 
points, whereas a highly depliant cassette may yield 

65 over a hundred such measurements. The curve 
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DEPL which is fit to these data points will define the 
depliance curve in terms of the change in cassette 
pressur with changes in cam position. 

The above three measurements are then used to 
caicuiate ihe number of cam positions during which 
the cassette was undergoing depliance. This calcu- 
lation is made by dividing the difference between 
Ppump and Pfin by the depliance curve DEPL. This 
calculation determines the number of cam positions 
when the cassette was undergoing a relaxation of 
the compliant forces, and was not being filled by 
reason of this volumetric change. This interval is 
indicated in FIGURE 3 as the "number of positions 
not filled", and in this example is 32 positions. 

The number of cam positions occurring during 
depliance is then used to determine the unpumped 
volume. This is the volume of liquid which remains in 
the cassette during the pumping cycle and occupies 
the increased fluid chamber volume during com- 
pliance. The unpumped volume is determined by 
dividing the number of depliance positions by the 
total number of fill positions, then multiplying this 
ratio by the nominal cassette volume. The cassette 
volume may be determined empirically by measuring 
the displacement of the cassette diaphragm when it 
is extended into the fluid chamber. In a constructed 
embodiment the cassette volume was measured as 
350 uJ. For this example, then, the unpumped volume 
is equal to (350u.l) * (32 pos./64 pos.), or 175 uJ. 

The volume of liquid actually pumped during the 
pump cycle is now readily determined by subtracting 
the unpumped volume from the nominal cassette 
volume. For the above example, this volume actually 
pumped in one cycle is 175 pj. 

This technique is applicable to any ratio of 
pumping positions to filling positions which may be 
employed in a given system. For instance, it may be 
desirable to rapidly fill the cassette during one-quar- 
ter of the pumping cycle, then to pump during the 
remaining three-quarters of the cycle. Such a 
pump-fill ratio may be employed to maintain suffi- 
cient back pressure at the injection site over most of 
the pumping cycle to keep a vein open, for instance, 
and would be desirable at very low infusion rates. 

The determination of the volume actually pumped 
is performed each pumping cycle to accurately 
measure the infusion rate and to keep an accurate 
running measurement of the volume of liquid 
delivered to the patient. While the effects of 
compliance will generally remain fairly constant 
during use of a single cassette, compliant variations 
of up to 20% have been observed from one 
polymeric cassette to another. 

The principles of the control loop for motor 44 of 
FIGURE 1 are illustrated in FIGURE 5a. In principle, a 
counter 240 is incremented at an even rate by 
predetermined pulses N. The output of the counter 
is an error signal "count" which will in time reach a 
level which energizes the D.C. motor 244. When the 
motor is energized its positional change is sens d 
by position encoder 290, which produces a position 
signal P. The position signal P is combined with a 
speed control factor K to produce a product term 
KP. The term KP decrements the counter 240, 
thereby reducing the count in feedback control 



fashion. The control algorithm for motor control may 
thus be expressed as 

Count - N - KP 
This control technique has been found to be 

5 especially accurate in its control of a pumping 
system, particularly at very low rates of infusion. The 
rate at which the counter 240 is incrementing is 
always precisely known, since the counter is 
incrementing at a fixed rate. The rate of infusion is 

10 controlled by subtracting the term KP from this fix d 
number N of known rate. At very low rates of infusion 
the motor will be controlled to turn on and off, and it 
is desirable to do this without oscillation or abrupt 
changes in pump motion. By controlling the negative 

15 feedback through the KP term, smooth operation is 
attained. When the Count reaches a level that 
energizes the motor, a position change is immedi- 
ately sensed and the counter 240 is decremented by 
the term KP. At low infusion rates the decrement will 

20 reduce the Count below the level of motor energiza- 
tion, turning the motor off by reason of negative 
feedback. The counter will then increment at an even 
rate until the motor is again energized, and the 
control pattern will thus continue in this controlled, 

25 repetitive manner. 

With this control technique, relatively small K 
values are used at relatively high rates of infusion, 
while relatively large K values are employed at very 
low infusion rates. Such a relationship arises by 

30 reason of the fixed rate of the incrementing term N. 
This relationship provides the use of large values for 
K at the low infusion rates where high resolution is 
required for precise control of a low infusion rat . 
The term K is expressed in two ways: 

35 K = f/rate, (1) and 
K = Nr/Vr (2), 
where rate is flow rate in ml/hr., Nr is the number of 
N pulses in one pump cycle (or revolution of the 
pump motor), Vr is the volume in u,l pumped in one 

40 revolution, and f is a conversion factor. The term K is 
expressed in units of number of N pulses per uJ. 
Hence, from the first of the two expressions, f is 
expressed in units of (N pulses) (ml)/(nl) (nr.). As- 
sume now that the fixed rate of N is one pulse (or 

45 one up count) every 2.5 msec, or a pulse rate of 400 
pulses per second. The conversion factor f can now 
be determined from a straightforward conversion 
calculated at 1440 (N pulses) (ml)/(^tl)(hr.). 

A simple example illustrates the use of these 

50 expressions in the implementation of the inventive 
control technique. In FIGURE 1 it is seen that the 
rate to speed converter receives a desired flow rate 
from the operator by way of subsystem 120. Assume 
that the desired flow rate is 100 ml/hr., and that the 

55 volume pumped during each revolution of the pump 
motor is 350 uJ. Expression (1) is now calculated as 

K = 1440/rate - 1440/100 = 14.4 
When expression (2) is solved for the number of N 
pulses in one pump motor revolution, it is seen to be 

60 Nr = KV R (3) 

This expression (3) is seen to be 

Nr = (14.4) (350) = 5040, 
which is 5040 N pulses per pump motor revolution. 
From FIGURE 3 it is se n that there are 128 sensed 

65 motor positions in one pump revolution. Dividing 
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5040 by 128 yields a K value of 39.375. Thus, each 
time a position signal P is produced, the counter 240 
is ideally decremented by 39.375 to run the pumping 
system at the desired rate of 100 ml/hr. 

Over a period of time the Count would stabilize 
around a given level, while N and KP would be ever 
increasing. Thus over time 

N ^ KP 

where each side of the expression is a multiple of 
5040 in this example. 

Referring now to FIGURES 5, 6, and 7 the rate to 
speed converter 108 and the motor controller 1 10 of 
FIGURE 1 are illustrated in further detail. The 
calculation of the K value is performed in subsystem 
300, which receives the home position signal, the 
determination of the volume last pumped from the 
unpumped volume determination subsystem 106 of 
FIGURE 1, and the operator-entered desired flow 
rate. The subsystem 300 also receives timer inter- 
rupts from a 2.5 msec, timer 302. The timer 302 
applies timer interrupt pulses to a divide-by-eight 
counter 304 and to one input of a two-position 
switch 306. The output of the counter 304 is coupled 
to a second input of the switch 306. The arm of the 
switch 306 applies pulses N to an Add input of a 
1 6-bit adder 340. At another input of the adder 340, K 
values are subtracted whenever a P signal occurs. 
The tower eight bits (0-7) of the output of the adder 
340 are applied to the input of a D/A converter 350. 
The next most significant bit 8 of the adder output is 
applied to a limit detector 344, and the sign bit 16 of 
the adder 340 is applied to a D/A disable subsystem 
342. The output of subsystem 342 is coupled to a 
disable input of D/A converter 350. The output of the 
limit detector 344 is coupled to an input of the 
subsystem 342. 

The output of the D/A converter 350 is coupled to 
a pulse width modulator 352, which produces pulses 
with a width corresponding to the level of the input 
signal to the modulator. Pulses from the modulator 
352 are applied by way of a MOSFET 354 to a coil 360 
of the motor circuit. The coil 360 stores and releases 
energy from the applied pulses to establish a D.C. 
voltage across the motor 44, which is coupled to a 
source of supply voltage Vt>. In series with the motor 
144 are shutdown switches 364a and 364b, which 
are opened when a coil 364c is energized. A diode 
362 is coupled across the motor 44 and the coil 360. 

The rotation of the shaft of the motor 44 and its 
drive wheel cause the teeth of the wheel to interrupt 
the light beams in the optical encoder 90. The 
encoder's quadrature position signals are applied to 
a position change sense circuit 390. The home signal 
is applied to subsystem 300. A position change 
signal P is provided by the sense circuit 390 to 
subsystem 300 and the adder 340, as well as the 
unpumped volume determination subsystem 106 
(FIGURE 1). 

In operation, the total accumulated in adder 340 is 
incremented continuously by the addition of an N 
pulse every 2.5 msec when the switch 306 is set as 
shown in FIGURE 5. This is the position of the switch 
for relatively high flow rates. At very low flow rates 
the switch is set to its alternate position. The timer 
interrupt pulses, which occur every 2.5 msec, are 



then divided by eight, thereby producing an N pulse 
every 20 msec. The purpose of this scaling will be 
explained subsequently. . 
Every time a change In motor position is sensed 
5 by circuit 390, a P pulse is produced, causing the 
adder 340 to subtract the value of K from its 
accumulated total. Thus the total accumulated in 
adder 340 is continuously incremented every 2.5 
msec or 20 msec by the N pulses, and periodically 
10 decremented by an amount K every time a P pulse is 
produced. 

The lower eight bits of the adder 340 are coupled 
to the D/A converter 350. which converts the count 
to an analog voltage level. These bits represent th 

15 expression N - K*P. The D/A converter output lev I 
in turn modulates the widths of pulses produced by 
the pulse width modulator 352 and the pulse width 
determines the D.C. level applied to motor 44 and 
hence its speed. In a constructed embodiment, an 

20 adder count of about 32 is the threshold at which the 
motor is energized sufficiently to begin to turn. 
Counts above 32 cause the motor to turn at 
proportionately higher speeds. When the add r 
count reaches 256, bit 8 of the adder changes state, 

25 indicating an overspeed condition. This bit is sensed 
by the limit detector 344 and used by software to 
turn the pump off. When the adder count first 
reaches 256, the lower bits 0-7 are initially held at the 
255 count to maintain a high motor speed while the 

30 system monitors the pump operation to determine if 
this is just a momentary condition. If it is, the add r 
will shortly be counted down to a count below 256. 
But rf the count remains above 256 for an unaccept- 
able period of time, the limit detector 344 will trigger 

35 the D/A disable subsystem 342, and the D/A 
converter will be disabled, removing voltage from the 
motor. 

As mentioned previously, when the system is 
operating at very low flow rates, the values of K are 

40 relatively large. The subtraction of these large values 
from the adder count can expectedly cause a 
negative number to be accumulated in the adder 
until the N pulses increment the total back to a 
positive number. When the adder Is retaining a 

45 negative number, the adder's sign bit 16 causes the 
D/A disable subsystem to disable the D/A converter. 
This prevents the D/A converter from responding to 
the values of negative numbers as though they were 
positive, and also conserves battery power in the 

50 system while the adder is being incremented back to 
a positive number. 

A fault sensing zener diode 370 and a resistor 372 
are coupled across the motor, and resistors 374 and 
376 couple the junction of the diode 370 and the 

55 resistor 372 to the base of a transistor 380. The coil 
364c is coupled between the collectors of transis- 
tors 380 and 382 and ground. To guard against 
motor runaway due to component failures, such as a 
shorting of the MOSFET 354, the zener diode 370 

SO continuously monitors the motor energization volt- 
age. Excessive motor voltag caus s the diode 370 
to conduct, which turns on transistor 380. Coil 364c 
will be energized to open switches 364a and 364b, 
thereby removing the motor from line currents. 

65 The transistor 382 is responsive to uncontrolled 
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motor operation detected in a pump shutdown 
system (not shown). In this system, a watchdog 
timer is normally accessed periodically by the 
microprocessor of the control system. If the micro- 
processor senses by the position change signals 
that the motor is turning without being controlled to 
do so, the microprocessor will stop accessing the 
watchdog timer. After a predetermined period 
without being accessed by the microprocessor, the 
watchdog timer will cause the pump shutdown 
system to energize transistor 382 and coil 364c, 
which will open switches 364a and 364b and remove 
the motor from line currents. 

To conserve battery power, the optical encoder is 
operated only periodically. On every timer interrupt, 
one of the light beam emitters in the optical encoder 
90 is energized and the output from its correspond- 
ing beam sensor is detected and stored. After 
passage of 2.5 msec, the next timer interrupt causes 
the sense circuit 390 to energize and sense the 
other optical signal. The states of the two sensor 
signals are compared with their previously recorded 
states. If no change is detected, no output is 
produced. But if a change in state of one of the 
signals is detected, the sense circuit 390 produces a 
P position change pulse at its output. This compari- 
son technique is capable of sensing both positive 
and negative directions of rotation, and subsystems 
using the position signal are conditioned to respond 
accordingly. The number of P pulses occurring since 
the last home signal, and thus a measure of the 
current cam position, is accumulated by a P pulse 
counter in the subsystem 300. 

In a preferred embodiment of the present inven- 
tion, the functions of the K calculation subsystem 
300 are efficiently performed by microprocessor 
software routines, outlined in the flowcharts of 
FIGURES 6 and 7. Starting at the top of the flowchart 
of FIGURE 6, the total volume of solution that the 
pump has delivered previously during the infusion 
procedure (vol. pumped tot.) is updated by adding 
the volume pumped during the last pump cycle, 
measured by subsystem 106, to the current accumu- 
lation. The measured flow rate (net) over the 
procedure is then calculated by dividing vol. pumped 
tot. by the time the pump has been operating 
(duration pumped tot.). The flow rate measured 
during the last pump cycle is calculated by divided 
vol. pump last by the duration of the last pump 
revolution. A long term flow rate error (net) is 
calculated by subtracting flow rate meas. net from 
the operator's desired flow rate (flow rate target 
net). A short term flow rate error over the previous 
pump cycle (flow rate error last) is calculated by 
subtracting flow rate meas. last from the flow rate 
target of the last pump revolution. To provide a quick 
response to a major change in a flow rate, a 
derivative term is calculated by averaging a weighted 
sum of the last several flow rate errors. A target flow 
rate for the next pump revolution, flow rate set, is 
now calculated by weighting and summing flow rate 
target net and flow rat error net, flow rate error last, 
and flow rate error derivative. The choice of values 
for weighting factors G1, G2, and G3 provides a 
means for selecting the desired response of the 



system to changes in the various long and short 
term operating parameters. 

The flow rate set calculation, expressed in ml/hr., 
has been adjust d for cassette compliance, since it 

5 starts from the volume actuaiiy pumped during the 
last pump cycle as measured by the complianc 
measuring subsystem. Thus, the actual number 
would generally appear to be greater than the 
desired flow rate set by the operator. If the cassette 

10 has a 50o/o compliance, for Instance, the flow rate set 
for a desired 100 ml/hr. infusion rate could appear as 
200 ml/hr. as a result of the compliance correction. It 
will be appreciated from the foregoing that the flow 
rate set calculation will continually drive the system 

15 to the desired rate of flow. 

Once the flow rate set figure has been determined 
there are several ways to arrive at the appropriate K 
value for the motor control loop. One direct 
approach would be to use the flow rate set figure to 

20 directly access a look-up table of K values. Each flow 
rate set figure would access a corresponding K 
value from the table, or a series of K values to be 
used at various times during the pumping cycle. For 
instance, the flow rate set figure could look up two K 

25 values, one to be used during the pumping operation 
and another to be used during the filling operation. 
More than two K values could be used to speed up, 
then slow down the pump during the cycle, for 
instance. 

30 Such a K value look-up table has been formulated, 
but has been found to use a significant amount of 
memory. Accordingly, it is preferred to calculate K in 
accordance with software routines outlined by the 
flowchart of FIGURE 7. New K values are calculat d 

35 each pumping cycle beginning at a predetermined 
point in the pumping cycle, such as the occurrenc 
of the home position signal. The program first 
determines whether the flow rate set number falls 
within a range of high flow rates (fast), moderate flow 

40 rates, or low flow rates (slow). If the number is in a 
high range, such as 740 ml/hr. in the following 
example, the program proceeds down the left-hand 
column of the flowchart. 

The first step in each branch of the flowchart is to 

45 calculate timer interrupt counts TC per pump 
revolution. Assume that the compliance measure- 
ment determined that 300 pJ is actually pumped 
during each pumping cycle. Using the above 
expressions (1) and (3), it is seen that 

50 Nr = (1440/740) (300) = 584 TC/rev. 

The next step is to distribute the 584 TC/rev. over 
the 128 pump positions. Dividing 584 by 128 yields 
an initial K 0 value of four for each position, with a 
remainder of 72. The 128 pump positions are 

55 grouped into four groups of 32 positions, two for the 
pumping operation and two for the filling operation. 
The K 0 values in this example for each position in the 
four groups are 4, 4, 4, and 4, respectively. 

The remainder of 72 is now distributed in 

60 increments of 32 over each group of 32 positions, 
beginning with the group of the last 32 filling 
positions. The number 32 is subtracted from th 
remainder of 72, giving a further remainder of 40. 
Since the further remainder is positive, the K values 

65 for the positions in the last group are incremented to 
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five, and the sequence of the four groups is now 4, 4, 
4, 5. 

The remainder of 40 is reduced again by 32, again 
giving a positive remainder, this time equal to 8. The 
positive remainder requires that another group be 
incremented, and the sequence of the four groups is 
now 4, 4, 5, 5. 

The remainder of 8 is reduced again by 32, this 
time giving a negative result. In response to this 
negative result, the routine exits the loop and the K 
values for the next cycle are in a group sequence of 
4, 4, 5, 5. 

This means that, for the first 32 P pulses of the 
pump cycle, a K value of 4 is employed. The sum of 
the K values for this quarter cycle is hence 128. The 
same K value of 4 is used during the second half of 
the pumping operation, and the total K values during 
pumping is therefore 256. 

Similarly, a K value of 5 is used for the 64 P pulses 
of the filling operation, giving an accumulation of 320 
K values over the filling operation. During both 
pumping and filling a total of 576 K values are 
subtracted from the count total of the adder, and 
during this time 576 N pulses will increment the 
adder. This is within 1.40/o of the desired 584 TC/rev., 
meaning that the pump will be operating slightly 
faster than the desired speed. This small error will be 
adjusted during the recalculation of the flow rate set 
figure after the new pumping cycle has ended. 

To illustrate the middle branch of the flowchart, 
assume that the flow rate set figure is 85 ml/hr., and 
that the measured volume pumped in one revolution 
is 302.2 ul. Again using expressions (1) and (3), it is 
seen that Nr = (1440/85) (302.2) = 5120 TC/rev. At 
this moderate infusion rate, a predetermined K value 
is used to maintain the fill rate at an equivalent flow 
rate of about 175 ml/hr. The predetermined K value 
for each position during filling is 16, for a total K 
accumulation of 1024 over the 64 fill positions. The 
TC/rev. figure of 5120 is reduced by this K 
accumulation to give a figure of 4096 which must be 
distributed over the pumping cycle. Dividing 4096 by 
the 64 pumping positions gives a K value of 64, which 
is subtracted at each P pulse occurrence during the 
pumping operation. Thus, for this example, a K of 16 
is subtracted from the adder count accumulation at 
each position during filling, and a K of 64 is 
subtracted at each position during pumping, for a 
total K of 5120, equal to the expected number of N 
pulses. It is seen that these K values for the 
moderate rate are substantially greater than the 
values of 4 and 5 used in the higher rate example. 

The third, slow rate branch of the flowchart is a 
modification of the moderate rate procedure. At 
these very low rates of flow the expected TC/rev. are 
very sizeable. For instance, a rate of one ml/hr. using 
a cassette pumping 300 uJ per revolution would 
result in a TC/rev. figure of 432,000. However, in 
order to maintain a positive back pressure during 
most of the pumping cycle, the cassette is once 
again filled at the equivalent rate of 175 ml/hr., 
requiring a total K value of 1024. The TC/rev. figure is 
decremented by this amount, TCf». The pumping 
cycle begins at the same 175 ml/hr. rate and the 
cassette pressure is monitored until the outlet 



pressure stabilizes once the outlet cracking press- 
ure is reached and the outlet valve opens. This 
could, for example, take t n pumping positions, 
which accumulate 160 K values. This number, 
5 term d TCto crack, is also subtracted from the TC/rev. 
figure. After these two operations the pump has 
been rapidly filled and quickly pumped to establish a 
positive back pressure at the infusion site. 
The decremented TC/rev. figure is still in excess 

10 of 430,000, however, and this number is now 
distributed over the remaining number of positions 
of the pumping operation, in this example 54, to 
establish the desired flow rate of one ml/hr.. This 
yields a very large K of almost 8000. To scale the 

15 system for this large value, the K values are divided 
by eight which gives a K for the remaining positions 
of the pumping operation, Kpr, of approximately 
1000. Correspondingly, the switch 306 is switched to 
divide the timer interrupt pulse train by eight, which 

20 scales the number of N pulses. 

As an alternative to performing the scaling at th 
end of the calculations as shown in FIGURE 7, it may 
be preferable to begin the calculation sequence with 
prescaJed numbers. Since the actual pumping of 

25 liquid begins only after the outlet cracking pressure 
has been attained after the first ten pumping 
positions, liquid is being pumped during only the last 
54 of the 64 pumping positions. Hence, the volume 
pumped during one full pumping cycle, 350 pJ in this 

30 illustration, must be multiplied by 54/64. This yields a 
volume per revolution of 295.3 jxl. Expressions (1) 
and (3) are now solved using this value, and using a 
scaled value of f/8 — 1440/8 = 180. Thus, it is seen 
that 

35 Nr = (180/1)(295.3) = 53,154 TC/rev. 

The TCfw K value is scaled by eight to yield 
1024/8 = 128, and the TCto crack vaiue is likewise 
scaled, giving 160/8 = 20. Subtracting these two 
values from 53,154 results in a TC/rev. figure of 

40 53,006 to be distributed over the 54 pumping 
positions that liquid is being delivered. The K value 
per pumping position is seen to be approximately 
982. The scaled values of 2 for each of the 64 fill 
positions and 2 for each of the ten pumping 

45 positions until the outlet valve opens are employed 
during those phases of the pumping cycle. 

It will be appreciated that, at this very low flow rate 
of one ml/hr., the pump is advancing one position in 
about twenty seconds. Also, it may be seen that 

50 each subtraction of a K vaJue on the order of 1000 
will drive the adder count to a substantial negative 
number, which establishes the start and stop mode 
of operation of the motor necessary to maintain the 
very low rate of infusion. 

55 



Claims 

60 

1. In a liquid pumping syst m, including a 
pump chamber which may exhibit compliance 
and which is operable in a filling cycle and in a 
pumping cycle, apparatus comprising: 
65 means for measuring the pressure within 
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said chamber during filling and during pumping; 
and 

means for determining the portion of a cycle 
over which the pressure within said chamber is 
undergoing a transition between a substantially 5 
constant pumping pressure and a substantially 
constant filling pressure; 

wherein the ratio of said portion to said total 
cycle indicates the compliance of said chamber. 

2. The system of Claim 1 , further comprising : 10 
means for determining the ratio of said 

portion to said total cycle ; and 

means for calculating the product of said 
ratio and the nominal volume of said chamber to 
determine the volume of liquid not pumped by 15 
reason of compliance. 

3. The system of Claim 2, further comprising: 
means for subtracting said volume of liquid 

not pumped by reason of compliance from said 
nominal volume of said chamber to determine 20 
the volume of liquid pumped by said system. 

4. The system of Claim 1, wherein said portion 
of a cycle is a portion of said filling cycle, and 
wherein said total cycle is the total filling cycle. 

5. In a liquid pumping system which pumps 25 
liquid by alternately moving means for displac- 
ing liquid into and out of a pump chamber in 
alternate pumping and filling cycles, apparatus 
comprising: 

means for determining the displacement of 30 
said displacing means in said chamber; 

means for measuring the pressure within 
said chamber; and 

means for measuring the change in dis- 
placement of said displacing means as the 35 
pressure within said chamber undergoes a 
transition between a filling pressure level and a 
pumping pressure level. 

6. The system of Claim 5, wherein said filling 
pressure level is a minimal pressure level and 40 
said pumping pressure level is a peak pressure 
level. 

7. The system of Claim 6, further comprising 
means for determining the ratio of said change 

in displacement to the total displacement of 45 
said displacing means during the cycle in which 
said change in displacement occurred, 

wherein said ratio is a measure of the 
compliance of said chamber. 

8. The system of Claim 7, further comprising 50 
means for determining the product of said ratio 

and the nominal volume of said chamber to 
measure the volume of liquid which was not 
pumped by reason of compliance. 

9. The system of Ciaim 8, further comprising 55 
means for subtracting said volume of liquid 

. which was not pumped by reason of compliance 
from said nominal volume to determine the 
volume of liquid pumped by said system. 

10. The system of Claim 7, wherein said cycle 60 
in which said change in displacement occurred 

is a filling cycle. 

11. A method for measuring the compliance of 
a liquid pumping chamber in which means for 
displacing liquid is moved into and out of said 65 



chamber in alternating pumping and filling 
cycles comprising the steps of: 

a) measuring a substantially constant 
pumping pressure level ; 

b) measuring a substantially constant 
filling pressure level; 

c) measuring the change in displace- 
ment of said displacing means as the 
pressure undergoes a transition between 
said pumping and filling pressure levels; 
and 

d) dividing the difference between said 
pumping and filling pressure levels by said 
change in displacement to obtain a 
measure of compliance. 

12. The method of Claim 1 1 , further comprising 
the step of: 

e) dividing said measure of compliance 
by the total displacement change of said 
displacing means during the cycle in which 
said change in displacement was 
measured to obtain a compliance ratio. 

13. The method of Claim 12, further comprising 
the step of: 

f) multiplying said compliance ratio by 
the nominal volume of said chamber to 
determine the volume of liquid not pumped 
by reason of compliance. 

14. The method of Claim 13. further comprising 
the step of: 

g) subtracting said volume of liquid not 
pumped by reason of compliance from said 
nominal volume to determine the volume of 
liquid pumped. 

15. A method of operating a liquid pumping 
system which includes a pump chamber having 
an inlet and an outlet, with a valve located at 
said outlet which opens upon the attainment of 
a given pressure level within said chamber said 
pumping system being operable in a filling 
operation during which said chamber is filled 
with liquid, and in a pumping operation during 
which pressure is applied to the liquid within 
said chamber, comprising: 

operating said pumping system at a pre- 
determined rate during said filling operation; 

operating said pumping system at a pre- 
determined rate during an initial portion of said 
pumping operation until said given pressur 
level is attained; and 

thereafter, during the pumping operation, 
operating said pumping system at a rate which 
provides a desired flow of liquid. 

16. The method of Claim 15, wherein each of 
said predetermined rates are greater than said 
rate which provides a desired flow of liquid. 

17. The method of Claim 16, wherein each of 
said predetermined rates are equal to each 
other. 

18. In a liquid pumping system in which the 
displacement of means for pumping a liquid 
results in corresponding relative movement of a 
pair of capacitor plates, apparatus comprising: 

means for energizing said plates with an a.c. 
signal; and 
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means for synchronously detecting the 
amplitude modulation of said a.c. signal im- 
parted by variations in the capacitance of said 
plates, 

wherein said detected amplitude modulation 5 
is representative of a characteristic of the liquid 
pumped by said system. 

19. The liquid pumping system of Claim 18, 
wherein said characteristic is the force applied 

by said pumping means, and further compris- 10 
ing: 

means for digitizing said force representa- 
tive, detected amplitude modulation. 

20. The liquid pumping system of Claim 19, 
wherein said means for digitizing includes 15 
means for performing a successive approxima- 
tion of a force representative digital signal. 

21. In a liquid pumping system, apparatus for 
controlling the speed of a pump motor compris- 
ing: 20 

means for detecting motor movement; 

means for calculating a speed control factor 
based upon a desired pumping rate; 

a source of signals which recur at a 
predetermined rate; 25 

counter means which is incremented in 
correspondence with said recurring signals, 
and which is decremented in correspondence 
with detected motor movement and said speed 
control factor, to produce a motor control 30 
signal; and 

means for energizing said pump motor in 
response to said motor control signal. 

22. The liquid pumping system of Claim 21, 
wherein said means for detecting motor move- 35 
ment comprising a position sensor. 

23. The liquid pumping system of Claim 22, 
wherein said counter means is decremented by 
an amount K whenever a change in motor 
position in a given direction is detected. 40 

24. The liquid pumping system of Claim 23, 
wherein said recurring signals are represented 
by a term N, said changes in motor position are 
represented by a term P, and said motor control 
signal is represented by the expression N minus 45 
K times P. 

25. The liquid pumping system of Claim 23. 
wherein said means for energizing said motor 
includes a digital to analog converter and a 
pulse width modulator. 50 
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© Pump control system. 

© A pump control system is described in which the 
pumping mechanism causes corresponding move- 
ment of a pair of capacitor plates (64, 66). The 
plates are energized by an ax. signal, and the signal 
produced by the plates is amplitude detected, with 
the amplitude modulation representing pumping 
force. The pumping force is converted to pumping 
pressure. The pumping pressure peak during pump- 
ing and the pressure minimum during filling are 
detected to determine the portion of a pumping 
cycle required to make the transition between these 
two pressure levels. The difference between the two 
£2 pressure levels divided by the transition portion of 
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the pumping cycle gives a measure of the compli- 
ance of the pump chamber. The ratio of the compli- 
ance measure to the total cycle, when multiplied by 
the nominal chamber volume, gives a measure of 
unpumped volume, which is subtracted from the 
nominal volume to give the volume actually pumped 
during a pump cycle. The volume pumped is com- 
pared with a desired flow rate to determine a speed 
control value for the motor of the pumping mecha- 
nism. A motor control signal is developed by sub- 
tracting from a constant number a value which is a 
factor of the speed control value and the position of 
the motor. 
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